A series of recent studies has provided long-awaited direct evidence that enduring changes in synaptic strength, presumably underlying the formation of persistent memories, may be encoded in a lasting form as a change in synaptic structure. How can you still recall the smell of cookies baking in your grandmother's kitchen so well? Why does one never forget how to ride a bicycle? Tremendous advances have been made in understanding the cellular basis of learning and memory formation. In the 27 years since the phenomenon of long-term potentiation (LTP) was discovered by Bliss and Lømo [1], overwhelming evidence has accumulated that LTP may represent the fundamental process by which information is stored in the central nervous system (for review see [2, 3] ). But can the wellcharacterized biochemical changes that accompany LTP last a lifetime, or do they represent the initial steps that trigger a transformation of the synapse in some immutable way? Exciting new evidence demonstrates that synapse structure may indeed be changed during acquisition of new memories.
How can you still recall the smell of cookies baking in your grandmother's kitchen so well? Why does one never forget how to ride a bicycle? Tremendous advances have been made in understanding the cellular basis of learning and memory formation. In the 27 years since the phenomenon of long-term potentiation (LTP) was discovered by Bliss and Lømo [1] , overwhelming evidence has accumulated that LTP may represent the fundamental process by which information is stored in the central nervous system (for review see [2, 3] ). But can the wellcharacterized biochemical changes that accompany LTP last a lifetime, or do they represent the initial steps that trigger a transformation of the synapse in some immutable way? Exciting new evidence demonstrates that synapse structure may indeed be changed during acquisition of new memories.
The coincident activation of presynaptic and postsynaptic neurons results in a lasting strengthening of their synaptic connections. There is now a well-accepted understanding of how LTP is induced (reviewed in [4] ). The nearly simultaneous occurrence of presynaptic activity and postsynaptic depolarization allows the excitatory neurotransmitter glutamate to bind to postsynaptic receptors of the N-methyl D-aspartate (NMDA) class and the expulsion of the Mg 2+ ions that normally block the NMDA receptorgated ion channel. This leads to a substantial influx of Ca 2+ ions via the NMDA receptor-gated channels. The consequent elevation of the postsynaptic intracellular Ca 2+ concentration leads to the activation of several Ca 2+ -dependent enzymes, particularly Ca 2+ /calmodulin-dependent protein kinase (CaM kinase). The activation of this enzymatic cascade is capable of producing changes in synaptic strength lasting one to two hours.
How can LTP account for a lifetime of memories? It has long been postulated that only changes in the structure of a potentiated synapse could account for changes in synaptic strength that persist for days to years to decades. Most attention has focused on the dendritic spine (reviewed in [5, 6] ), the small (~1 µm in diameter) protrusions from the parent dendrite upon which the vast majority of excitatory synapses on pyramidal cells are formed ( Figure 1 ). Some early experimental observations suggested that the number of spines was greater after LTP or learning. But these observations left unexplained how a simple increase in the number of synapses on the postsynaptic cell would be coordinated with presynaptic remodeling in order to maintain the specificity of the information presumed to be encoded in the change in synaptic strength.
Another prominent theory posited that changes in the diameter of the neck region of a spine would affect the spread of current from the spine head, where the glutamate receptors are located, to the dendrite. Fatter necks would have a lower electrical resistance, which would facilitate dendritic depolarization. Later electron microscopic observations of so-called perforated synapses, in which a small cytoplasmic projection called a 'spinule' arises from near the center of a postsynaptic spine into the apposed presynaptic nerve terminal, suggested that potentiation might trigger a physical splitting of the presynaptic active zone and postsynaptic density so that two packets of neurotransmitter could be released upon the arrival of an action potential in the nerve terminal, thus producing a larger depolarization of the postsynaptic cell.
Unfortunately, there was precious little incontrovertible evidence of correlated changes in synaptic strength and structure to support any of these theories until very recently. In fairness to those who labored valiantly to produce such evidence, there are numerous obstacles to be overcome. First, the number of synapses potentiated in even the most forceful LTP experiment is likely to represent a very small fraction of the total number of synapses. Second, many of the synapses in the experimental tissue may have experienced a prior learning-associated structural change, rendering the identification of truly naïve synapses difficult. And third, excitatory synapses typically display a wide range of morphologies ( Figure 1 ). Finding the structurally altered 'potentiated' synapses is thus akin to finding the proverbial needle-in-the-haystack.
Scientific obstacles are best overcome by new technology and clever tricks. Indeed, a recent set of papers has come up with the winning combination to provide convincing evidence of structural synaptic plasticity associated with induction of LTP. The first hint of the breakthroughs to come was provided by Fischer et al. [7] . After hippocampal cell cultures were transfected with a construct in which the gene for actin was tagged with green fluorescent protein (GFP), fluorescent actin accumulated in dendritic spines and could be visualized in living cells. Time-lapse video sequences of the transfected cells revealed that the dendritic spines display a remarkable and completely unexpected degree of movement: virtually every spine could be seen changing shape by as much as 30% of its length or width, all within a matter of a few seconds. These dynamic changes could be abolished by preventing polymerization of monomeric actin with acutely applied cytochalasin, indicating that they result from dynamic changes in the spine cytoskeleton.
While NMDA receptor activation is essential for induction of early, biochemically mediated LTP, Maletic-Savatic et al. [8] have recently presented the first convincing evidence that brief periods of NMDA receptor activation can also affect synaptic structure. GFP was again used to visualize dendritic spines -in this case, it was expressed throughout CA1 pyramidal neurons in organotypic hippocampal slice cultures, the vector being the neurotropic virus Sindbis. Maletic-Savatic et al. [8] used two-photon laser-scanning microscopy to resolve the small dendritic spines in the relatively thick -compared to the dissociated cell cultures used by Fischer et al. [7] -slice cultures without damaging the imaged cells. As in the work of Fischer et al. [7] , spines in the slice cultures displayed considerable changes in morphology on a time scale of minutes to hours. In contrast to the cell culture study [7] , however, Maletic-Savatic et al. [8] observed considerable protrusion of new spine-like processes and retraction of old processes.
When Maletic-Savatic et al. [8] delivered bursts of high frequency tetanic stimulation via an electrode placed in close proximity to labeled dendrites, large numbers of new spine-like processes emerged, beginning about 5 minutes after the tetanus. On average, the density of processes in the vicinity of the stimulating electrode increased by about 20% and the density remained elevated for more than 40 minutes. Unlike typical dendritic spines, most of the new processes lacked clear heads and were comparatively long (> 2.75 µm compared to 1-1.5 µm for mature dendritic spines). They thus resemble more closely the dendritic filopodia that protrude from dendrites during development and initiate synaptogenesis upon contact with nearby axons. As the brain matures, these filopodia are presumably transformed into dendritic spines [9] . Indeed, Maletic-Savatic et al. [8] found that 27% of the newly induced filopodia developed clear bulbous heads within an hour of the tetanus.
What is the relationship of these observations to LTP? Firstly, the tetanic stimulation pattern that induced the outgrowth of new filopodia is the same as that used commonly to induce LTP. Secondly, the NMDA receptor antagonist AP5 prevented the tetanus from triggering filopodial outgrowth, much as it prevents LTP. Thirdly, the changes in spine density were confined to the vicinity of the stimulating electrode and were not seen at distant regions of the dendrites of the same cell, consistent with the known synapse specificity of LTP. And finally, low frequency stimulation had no effect on the density of dendritic protrusions. It is thus not unreasonable to infer that the two processes may share the same trigger for their induction.
Less than two months later, Engert and Bonhoeffer [10] provided a convincing independent corroboration and extension of this phenomenon. In this study, dendritic spines in CA1 pyramidal cells were labeled with an intracellularly injected fluorescent dye and again visualized with two-photon laser microscopy. This permitted the authors to record synaptic responses and visualize dendritic spines simultaneously. The authors devised a method of local superfusion to restrict the location of the synapses activated by the stimulus to a sphere of roughly 30 µm in diameter. Induction of electrophysiologically recorded LTP was found to be accompanied by the appearance of new dendritic spines some 30 minutes after induction of LTP, and the new spines persisted for many hours.
In contrast to the work of Maletic-Savatic et al. [8] , the processes observed by Engert and Bonhoeffer [10] resembled true spines rather than filopodia. On average, the density of spines increased by roughly 15% after induction of LTP. As in the the earlier study [8] , however, new spines were not seen when the LTP induction protocol was performed in the presence of AP5, nor were new spines seen in dendrites outside of the sphere of local superfusion. Furthermore, new spines were not seen when the induction protocol failed to successfully elicit Dispatch R219
Figure 1
Dendritic spines along a 10 µm segment of a tertiary dendrite of a CA1 pyramidal cell in an organotypic hippocampal slice culture after 21 days in vitro, produced from confocal microscopic images of a Lucifer Yellow-filled cell. Note the variability in the size and shape of the spine heads and necks. (Modified from [12] ).
electrophysiologically detectable LTP. As in the earlier study, it remains to be determined whether these new spines in fact form synapses with competent presynaptic partners, and whether these partners were activated during LTP induction, as required for maintenance of synaptic specificity.
Taken together, these observations are consistent with a model in which induction of LTP produces immediate, kinase-mediated changes in synaptic strength, and also initiates a process of synaptogenesis by promoting the formation of new dendritic spines (Figure 2) . The new spines -presumably with proper presynaptic partnersmay be formed by extension of filopodia that subsequently mature into true dendritic spines [8] , or may develop directly as spines [10] . In this model, synaptic potentiation would be maintained by a stable increase in the number of synaptic contacts between presynaptic and postsynaptic cells.
As is often the case in the LTP field, just when it appears that a consensus is building, new data come along to keep the pot boiling! Using the tried-and-true method of electron microscopy, Toni et al. [11] have also suggested that LTP may increase synapse number, but that the anatomical means to this end might be different than that suggested in the previous two studies. In order to overcome the needle-in-the-haystack problem, these authors developed a clever trick. During fixation of the tissue after induction of LTP, an electrodense precipitate was produced in spines containing high levels of Ca 2+ , such as those in which tetanic stimulation had produced a strong activation of NMDA receptors (where one might expect LTP to have been induced).
The random sampling of synaptic territory in area CA1 of hippocampal slice cultures that had been fixed at various times after induction of LTP revealed that, 30 minutes after the tetanus, the percentage of precipitate-labeled dendritic spines that formed a spine perforating a presynaptic terminal increased from 19% of all labeled spines to more than 45% [11] . By 45 minutes after LTP induction, the percentage of labeled perforated synapses returned to control levels, but there was a marked increase in the number of presynaptic boutons that contacted multiple dendritic spines. In unstimulated slice cultures, the percentage of such multiple spine boutons was roughly 5% of all synapses labeled with the precipitate. By 45-120 minutes after LTP induction, in contrast, some 15% of all labeled synapses included multiple spine boutons. Inhibition of CaM kinase during the delivery of the tetanic stimulation prevented all changes in both perforated synapses and multiple spine boutons, consistent with the enzyme's prominent role in the expression of LTP. Models of structural changes resulting from LTP induction based on the data of: (a) Maletic-Savatic et al. [8] , in which LTP induction leads to the formation of new dendritic spines via filopodia; (b) Engert and Bonhoeffer [10] , in which formation of new spines is induced directly; and (c) Toni et al. [11] , in which new spines and multiple spine boutons arise through the formation of spinules and the splitting of existing spines.
Which cells contribute spines to the multiple spine boutons? Using serial reconstruction of multiple spine boutons to identify the source of their postsynaptic partners, Toni et al. [11] found that 89% of multiple spine boutons contacting unlabeled spines formed synapses with two different dendrites (presumably arising from two different cells) in control slice cultures. That is, multiple spine boutons normally represent a site of contact between one presynaptic cell and two different postsynaptic cells. Multiple spine boutons contacting labeled spines after LTP induction, in contrast, were formed with two spines originating from the same dendrite in 66% of the samples. Induction of LTP is therefore accompanied by an increase in the number of multiple spine boutons, and these now represent an increased number of contacts between the same pair of presynaptic and postsynaptic cells.
These observations are thus broadly consistent with the model described above, in which a delayed increase in number of contacts underlies a late phase of synaptic potentiation -Toni et al. [11] postulate a slightly different mechanism, but one that nonetheless produces the same end result. The suggestion is that, rather than inducing the extension of new processes from the parent dendrite, the induction of LTP and activation of CaM kinase might lead to the bifurcation of existing spines through the processes of spinule formation and synaptic perforation (Figure 2c ). The attractiveness of this model is that the new spines would remain in contact with the preexisting presynaptic terminal, so that perfect specificity to the structural plasticity can be maintained: only coactive presynaptic and postsynaptic partners would have their number of contacts increased.
In conclusion, these exciting studies have shed bright new light on a previously obscured but vitally important aspect of learning and memory: how to permanently encode changes in synaptic strength so that memories will not fade away.
